Before, during, and after bicuculline-induced seizures, changes in microflow, local tissue Po" and ex tracellular H+ and K + activities were contimiously re corded in the suprasylvian gyrus of the cat in parallel with electrical activity, Additionally, the patterns of microflow during seizures after blockade of the l3-adrenergic and cholinergic receptors and after phentolamine application were studied, With the onset of discharges, microflow increased at all sites, The maximum increase was ob served when the electrical activity was the strongest. During the period of alternating silent and non silent phases, microflow oscillated in parallel with functional activity, When the discharges ceased, microflow de creased to a new steady-state leveL Tissue hypoxia was
It is well accepted from many experimental studies in animals and clinical studies in humans that epileptic seizures are accompanied by an in creased cerebral metabolism and an increased ce rebral blood flow, and that a tight coupling exists between cerebral metabolism and blood flow during seizures [for review see Kuschinsky and Wahl (1978) and Sokoloff (1978 Sokoloff ( , 1981 ] . A good correla tion has also been found between the epileptic dis charges in the electroencephalogram and the in creased cortical blood flow during both generalized and focal seizures. As most of the studies of cere bral blood flow have been performed with methods that do not allow a continuous registration of blood flow, little information is available about the ki netics of cerebral blood flow during and after sei zures and especially in the silent phases of the elec trocorticogram (ECoG).
not responsible for the increase in flow because local tissue P02 increased after the onset of seizures, H+ ac tivity increased after a short delay and also oscillated during the period of oscillating functional activity, After the end of discharges, H+ activity decreased, K + activity increased immediately with the onset of discharges and mirrored the electrical activity in the further course, The pattern of microflow was not changed by blockade of Cl and l3-adrenergic and cholinergic receptors. We conclude that besides the increase in systemic blood pressure, K + and H+ activities could be the main factors responsible for the increase in flow during seizures. Key Words: Cat brain-Extracellular K + and H+ activities-Local tissue Po2-Regulation of microflow-Seizures.
In recent studies we demonstrated that the flow in the microcirculatory range rapidly increases in the activated tissue area in most cases within 1-2 s after the onset of direct electrical activation of the brain tissue and the onset of specific sensory acti vation (Leniger-Follert and Liibbers, 1976; Leniger Follert and Hossmann, 1979) . Controversy persists with regard to the mechanisms responsible for the rapid and effective coupling of blood flow to func tional activity and metabolism. Several factors have been thought to be involved in this coupling, for example, extracellular H +, K +, and Ca 2 + activi ties, adenosine concentration, neurogenic mecha nisms, and hypoxia. No doubts exist that solutions with increased acidity, solutions with [K +] up to 10 mM or adenosine 10-7-10-3 M, and various trans mitter substances are vasodilatory when they are applied to the pial and intraparenchymal resistance vessels by micro application (Wahl et aI., 1970; Ku schinsky et ai., 1972; Betz et ai., 1973; Berne et ai., 1974; Wahl and Kuschinsky, 1976; Greenberg and Reivich, 1977; Betz and Czornai, 1978) . However, there is still controversy about whether these fac tors are decisive under in vivo conditions. Direct measurements of extracellular K + activity with ion-sensitive microelectrodes during neurophysiolog ical studies clearly revealed that extracellular K + activity increased in the activated areas during dif ferent types of brain activation. These include elec trical stimulation and focal and generalized seizures and also more physiological activation by light ret inal stimulation and by afferent pathways (Singer and Lux, 1975; Lux, 1976; Bolwig et aI., 1977; Hei nemann et al., 1977; Lehmenkuhler et al. , 1978; Melnikovova, 1978; Nicholson et aI., 1978; Stockle and Ten Bruggencate, 1978) . K + activity increases from normal stable values of � 3 mM to an upper limit of �10 mM. Thus, the reported increase in K + activity is in the range where a clear dilatory re sponse of K + on the vessel can be observed. Si multaneous continuous measurements of local ce rebral flow and extracellular K + activity were per formed during direct electrical stimulation by two groups (Heuser, 1978; Leniger-Follert et aI., 1978; U rbanics et al., 1978) . With regard to the time course of K + activity and flow, both groups found that the increase in K + activity preceded the in crease in flow. Extracellular H+ activity, measured with H + -sensitive glass microelectrodes, initially decreased for a few seconds and then increased. Maximum acidosis always occurred after the end of stimulation (Leniger-Follert et aI., 1977) in parallel with the maximal increase in microflow. From these results we concluded that functional hyperemia during direct electrical stimulation could be trig gered by the rapid increase in potassium activity, whereas hydrogen activity contributes to the main tenance of functional hyperemia only in the later phase. Astrup et al. (1978) reported that extracellular po tassium activity increased in the rat brain cortex after bicuculline injection immediately with the onset of epileptic discharges. These authors also reported an initial alkalotic shift of extracellular pH in the rat cortex that developed immediately after the onset of seizures and lasted for � 13 s. There after, a progressive, severe acidosis developed. Heuser (1978) found in cats no initial transient shift in the alkaline direction, but a distinct acidosis starting �15-20 s after flow had increased. Ku schinsky and reported that in cats, after the onset of bicuculline-induced seizures, an im mediate and increasing perivascular acidosis devel oped in the subarachnoid space. The maximal de crease of pH was 0. 29 units and occurred 30 s after the start of seizures. Until now no data about the further course of H + and K + activities in the later phase of seizures, especially during the period of oscillating functional activity, are available.
The results published concerning oxygen supply during induced seizures are not unanimous. Ingvar et al. (1962) and Meyer et al. (1966) reported that seizure activity of the cerebral cortex was accom panied by a decrease in local tissue Po 2 • From their measurements of the diameter of pial arteries before and after administration of metrazol, Wei et al. (1977) deduced that during seizures dilation was mediated, at least in part, by activation of a meta bolic mechanism dependent on the production of tissue hypoxia. Caspers and Speckmann (1972) found a reduction of tissue P0 2 predominating during the seizure attacks. However, the rate of repetition of convulsions was important regarding the role of tissue Po 2 • During the first convulsions in a series, tissue P0 2 tended to rise rather than to fall. Lehmenkuhler et al. (1978) reported that sei zure discharges induced by pentylenetetrazol were accompanied by a steep decay of the tissue P0 2 level. With more indirect photometric measure ments of NADH fluorescence, Jobsis et al. (1971 Jobsis et al. ( , 1975 found an absence of anoxia in the brain cortex during epileptiform discharges. Plum and Duffy (1975) concluded from their measurements of ce rebral venous P0 2 and brain tissue lactate during induced seizures that the vasodilation was mediated by a nonhypoxic cerebral lactic acidosis combined with a neurogenically induced hypertension in the systemic circulation. In previous experiments Len iger -Follert and Lubbers (1976) reported that local tissue P0 2 in the superficial layers of the brain cortex uniformly increased in parallel with the in crease in microflow immediately after the beginning of direct electrical stimulation of the brain cortex, without showing any sign of initial hypoxia. In the further course of functional hyperemia, local tissue P0 2 mirrored the behaviour of microflow, i.e., the maximum P0 2 increase was reached concomitantly with maximum hyperemia.Po 2 then gradually re turned to its initial level following the decrease of microflow.
Measurements of local tissue P0 2 performed with needle electrodes during direct electrical stimula tion showed that local P0 2 increased also in the deeper structures of the cat cortex. Thus, hypoxia could be excluded as the mechanism triggering the increase in flow during direct electrical activation of the brain tissue.
The aims of the present studies were to examine the time course of changes in microflow, local tissue Po 2 , and extracellular potassium and hydrogen ac tivities together with changes in the ECoG during the whole period of seizures, especially during the period of alternating silent phases and bursts. Fur thermore, this time course was investigated after blocking [3and cholinergic receptors. Finally, the kinetics of microflow were investigated after blockade of the a-receptors to delay the increase in blood pressure that occurs normally with the onset of the seizure period.
METHODS

Preparation of animals and measurement of physiological control parameters
Experiments were performed in 54 cats with body weight between 2.0 and 3.4 kg. After administration of 0.2 ml atropine, the animals were anaesthetized with Nembutal® (pentobarbital, 25-30 mg/kg i.p.). If neces sary for maintaining anaesthesia, Nembutal was injected intravenously in a dose of 4 mg/kg once or twice more in the further course of experiments. However, care was taken that it was not injected immediately before or during the induced seizures. After immobilization with Flaxedil® (gallamine-triethiodide, 45-65 mg/kg i. v.), the cats were artificially ventilated with air by means of a Starling pump. End-tidal CO2 concentration was contin uously recorded with a URAS analyzer CD-101 (Engs trom, Munchen, F.R.G.). Arterial blood pressure was measured in the abdominal aorta with a Statham pressure transducer connected to a measuring bridge (Hellige, Freiburg, F.R.G.). Arterial pH, Po2, and Peo2 were de termined at intervals with the BMSK 3 (Radiometer, Co penhagen, Denmark). Before the measurements began, arterial pH was adjusted to 7.37-7.43 by correction of metabolic acidosis with 8.4% bicarbonate solution and by correction of respiratory acidosis with appropriate ad justment of ventilation. In the control period, arterial Peo2 was in the range of 26-32 mm Hg and arterial P02 was between 85 and 105 mm Hg. Rectal temperature was stabilized at 37.5 ± OSC by a heating pad. The cat's head was fixed in a stereotactic apparatus. After trephi nation of the calvarium on the right side, a piece of the dura mater was removed from the gyrus suprasylvius medius for positioning the measuring electrodes.
Measurement of microflow
The kinetics of microflow were measured by local hy drogen clearance according to Lubbers and Stosseck (1970) . With this method molecular hydrogen is electro chemically produced on a platinum surface 200 f-lm in diameter, and the hydrogen partial pressure (PH2) is po larographically measured with a second platinum wire lo cated at a defined distance. We used the multiwire surface element described by Leniger-Follert and Lubbers (1976) . The elements contained four platinum wires (diameter 100 f-lm each) fused in glass and were arranged around the generating wire (diameter 200 f-lm). We used only ele ments in which the measuring wires were at least 150-200 f-lm from the margin of the generating wire. Details of the multi wire elements and the experimental arrange ments have been published (Leniger-Follert and Lubbers, 1976) . Hydrogen was continuously produced and PH2 was continuously measured to obtain information about the behaviour and the time course of microflow during and after the epileptic discharges. Ninety percent of the hy drogen signal came from a tissue hemisphere of a radius of 300-400 f-lm. Special care was taken to prevent the electrodes from changing their sensitivity to hydrogen by drifting during the experiment. To avoid the drift, the ref erence electrode for the measuring circuit was chlori nated before each experiment, and the measuring elec-J Cereb Blood Flow Metabol. Vol. 4, No.2, 1984 trodes were polarized at a voltage of 50-100 m V for 3-4 h before the experiment began. The reaction time of the PH2-measuring platinum wires was in the range of milliseconds, and the response time for 90% was <1 s.
Measurement of local tissue P02
The arrangement for measuring local tissue P02 on the surface of the moving brain was the same as described by Leniger-Follert et a!. (1975) . Local tissue P02 in the brain cortex was measured with a membranized multi wire surface electrode of the Clark type (Kessler and Lubbers, 1966 ) that consisted of eight single platinum wires (15 f-lm in diameter each) situated 200-500 f-lm from one another. The reaction time of the electrodes was <0.1 s, and the response time for the 90% signal amounted to 3-4 s. The separate connections of the platinum wires allowed in dividual polarographic measurements of local tissue P02 simultaneously on eight adjacent sites of the cortex. The signals were recorded with ammeters (Knick, Berlin, F.R.G.) connected to a multipen recorder and, in parallel, to an eight-channel analog digital converter that sensed each channel once per second integrating over -20 ms.
The digital values were stored on magnetic tape and eval uated by a computer after completion of the experiments. The absolute P02 values recorded by the eight electrodes were calculated according to the calibration curves and graphically plotted.
In the two animal experiments in which microflow and tissue P02 were measured simultaneously, the P02 elec trode and the Hz/PH2 element were positioned side by side on the suprasylvian gyrus.
Measurement of extracellular H+ activity
Local extracellular H+ activity was measured with H+ sensitive glass microelectrodes according to the method of Saito et a!. (1976) . A H+ -sensitive tip was fused in lead glass. The electrode was filled with a buffer solution [1 part standard acetate buffer, pH 4.62, 2 parts saturated KCI solution (see Saito et a!., 1976) ]. An internal refer ence electrode of Ag/ AgCl was inserted into the buffer. The head of the electrode was insulated by pitch and Te flon. The H + -sensitive glass tip was 1-4 f-lm in diam eter and -10-30 f-lm long. We used only electrodes that showed a 90% response time of '% 1 s and a reaction time of milliseconds. The electrodes were kept in distilled water for -3-4 months after they had been manufac tured. At that time they showed the rapid response time mentioned above. The sensitivity of the electrodes was 60-63 mY/pH unit at 37°C. The resistance was -10-40 Gil. In seven experiments we used an Ingold Ag/AgCI electrode via an agar bridge as an external reference elec trode. The reference electrode was positioned on the sur face of the brain -1-2 mm from the insertion point of �he measuring electrode. In those seven experiments the signal was recorded by a digital electrometer with high input impedance (Keithley 616) without correction for di rect current (DC) disturbances. In another two experi ments we used a micropipette filled with 150 mM NaCI as the second external reference electrode, which was located at the same depth but -50-100 f-lm away from the measuring electrode. In those two cases the signals of both the pH electrode and the micropipette were con nected to a high input impedance amplifier (1013 m with capacitance neutralization and registered against the sur face reference. Thus, the uncorrected H+ signal and the DC potentials could be recorded. The outputs of both amplifier channels were led to the second stage of the differential amplifier, so the corrected H + potential could be recorded as well [see also Urbanics et al. (1978) ]. Thus, disturbances to the signal of the H + electrode caused by DC changes were avoided. Before and after measurements in the tissue, the electrodes were cali brated with buffer solutions at 37°C (pH 4.0, 6.83, and 7.33). They showed a linear behaviour for that pH range. The drift between the first calibration before and the second calibration after the measurements in the tissue was negligible; it was in the range of 1 m V.
Measurement of extracellular K + activity
Extracellular K + activity was measured either with double-barrelled microelectrodes or with surface elec trodes. The double-barrelled liquid ion exchanger mi croelectrodes (tip diameter 1-5 !Lm) were manufactured according to Lux and Neher (1973) . The reference channel was filled with 150 mM NaCI and served to reg ister the DC potentials. The second barrel contained the ion exchanger (Corning No. 477317 or valinomycin) below 100 mmol KCl. A separate Ag/ AgCI electrode placed on an agar bridge was used as a second reference electrode and was located � 1-2 mm from the microelec trode. The signals of both channels were connected to a high input impedance amplifier and were registered against the surface reference electrode as already de scribed. Additionally, the DC-corrected K + potential was recorded. The slopes of the electrode signals were from 52 to 47 mV/decade at 25°C. The response time was on the order of milliseconds.
The solid-contacted valinomycin surface electrode was manufactured according to the procedure of Kessler et al. (1974) . The K + -sensitive electrode had the neutral car rier valinomycin incorporated in a polyvinyIchloride membrane covering the surface of an Ag wire. The ex ternal reference electrode was again an Ingold Ag/ AgCI electrode via an agar bridge located in the immediate neighbourhood of the valinomycin electrode. The slope of these electrodes was from 55 to 43 mV/decade at 25°C. The 90% response time was � 10 s, and the reaction time was <0.1 s.
All electrodes were suspended in such a way that they could follow the movements of the brain without com pressing the capillaries. The needle and the P02 surface electrodes were mounted on a counterbalanced holder, and the HzlPH2 surface element and the valinomycin sur face electrode were elastically suspended so that they did not compress the tissue.
Registration of ECoG
The ECoG was registered unipolarly from the surface of the cortex by a silver ball located immediately beside the corresponding measuring electrode on the right hemi sphere. The reference site was the nasal bone. The signal was amplified with an amplifier (model DAM-5A; W-P Instruments Inc., New Haven, CT, U.S.A.) gain 1,000, which was connected to an analog pen recorder in parallel with the Plurimat S-Computer (Intertechnique, Paris, France). The band pass frequencies of the Plurimat were 1 and 32 Hz, and the sampling rate was 102.4 Hz. The changes of the total power in percentages and the changes of the relative power of the single frequency bands (power of the single frequency bands divided by the total power) were analyzed using the fast Fourier transforma tion. The mean values of power averaged in the control 2 with flow also 9 animals (group III) 10 animals (group IV) 7 surfa ce 3 in tissue period were taken as 100% and served as the control value for each animal. After the electrodes had been inserted into the tissue, respectively positioned on the surface of the median su prasylvian gyrus, the surface of the brain was covered by warmed paraffin oil several millimeters in depth to pro tect the brain from loss of heat and desiccation.
Experimental protocol
The experiments were divided into six groups. In group I (9 cats) the kinetics of microflow in parallel with changes in the ECoG during seizures were recorded. Group II, in which tissue P02 and ECoG were measured, included 10 animals. Additionally, in two cats local tissue P02 and microflow were recorded simultaneousl � . Extr � cellular H + activity and ECoG were measured ill 9 am mals (group Ill). Extracellular K + activity and ECoG were recorded in 10 cats (group IV). In group V (10 cats). during seizures after the blockade of f3-adrenergic and cholinergic receptors. microflow and ECoG were inves tigated. Five minutes before the intravenous injection of bicuculline, atropine in a dose of 0.3 mg/kg and subse quently propranolol, 2 !Lg/kg body weight, were slowly injected into the carotid artery via the lingual artery to block the cholinergic and f3-adrenergic receptors of the brain vessels.
Ten minutes before seizures were induced, the four cats of group VI received phentolamine (3 mg/kg i. v.) to delay the increase in blood pressure. Microflow and ECoG were measured in this group. Ta ble I lists the different measurements in the different experimental groups.
Our experiments included the recording of microflow, Po2• and extracellular H + or K + activities together with the ECoG at first under control conditions for �20-30 min. Within 10-20 s, bicuculline was injected intrave nously at a dose of 1.2 mg/kg body weight. The recordings were continued during the seizure period and for at least 20 min after the seizures had ceased completely. When bicuculline was injected. special care was taken to pre vent the electrodes from shifting position.
RESULTS
Changes in blood pressure, end-tidal CO2 content, and arterial pH after bicuculline injection
In groups I and II. mean arterial blood pressure ranged from 80 to 180 mm Hg (mean ± SD. 117 ± 30 mm Hg; n = 21) in the control period. Within 2 to maximally 52 s after the end of bicuculline injec tion, mean arterial blood pressure began to increase rapidly. In a few experiments this happened after an initial drop in blood pressure. The maximum in crease in blood pressure (mean value of 208 ± 42 mm Hg) was observed within 13-314 s after bicu culline injection. The blood pressure amplitude in creased as well. The maximum increase in blood pressure was found in most experiments before the maximum increases in power and microflow oc curred. Blood pressure then gradually returned to control level or to a new steady-state value. During the silent phases, blood pressure decreased and in creased again when the discharges began. In groups III and IV mean arterial blood pressure ranged from 80 to 170 mm Hg (group Ill: mean ± SD, 131 ± 29 mm Hg, n = 9; group IV: 106 ± 16 mm Hg, n = 10). After bicuculline injection the mean maximal blood pressure was 208 ± 54 mm Hg in group III and 183 ± 30 mm Hg in group IV. The mean blood pressure in group V amounted to 117 ± 8 mm Hg, and the mean maximal value after the onset of sei zures was 177 ± 24 mm Hg. In group VI, after 0' blockade, the mean arterial blood pressure amounted to 87 ± 6 mm Hg in the control phase. After bicuculline injection the onset of increase in blood pressure was delayed. It began at the earliest between 16 and 37 s after the end of the bicuculline injection. The mean maximal blood pressure amounted to 187 ± 5 mm Hg. After the bicuculline injection, the end-tidal CO 2 content increased from the control level of 3. 5-4.5% to maximal values of 4. 4-5. 9%. Arterial pH decreased from the normal values of the control period of 7. 37 -7. 43 to values of 7. 20-7. 34.
Changes in ECoG and microflow (group I)
The kinetics of microflow parallel to changes in ECoG during seizures were recorded in nine cats. Isolated spikes with increasing amplitude followed by spike-and-wave dysrhythmia were observed 0-25 s after the end of the intravenous injection of bicuculline. Maximal increases in both total power and power of the single frequency bands were seen between 46 s and 6 min after injection. The maximal increase in total power was 10-96 times the activity recorded in the control period. The relative power of the �-band (�-power/total power) and the I)-band (I)-power/total power) increased as compared with the control period, whereas the relative power of the {}-band ({}-power/total power) and the a-band (0' powerltotal power) decreased. Repetitive silent phases of different duration (1-65 s) started at the earliest 1 min after injection. The periods of the repetitive silent phases and bursts lasted between 2 and 57 min. Then the epileptic discharges ceased and the power strongly decreased. A new steady state of the power developed that did not change until the experiments ended. A typical example of the time course of total power and relative power of the single frequency bands is shown in Fig. 1 . The mean power for 15 s was calculated throughout the experiment. The kinetics of microflow were measured on a total of 34 sites. In the different animal experi ments, microflow started to increase at all sites measured within 0-25 s after bicuculline injection. At some sites there was an initial decrease. In the individual animal, the increase coincided with the first changes in the ECoG for the three or four mea suring sites. Likewise, maximum hyperemia coin cided with the maximum total power.
Immediately after the onset of a silent phase (within 1-2 s), microflow distinctly and continu ously decreased at all sites. At the end of the silent phases, hyperemia was still present, but at a lower level. Immediately at the onset of new epileptic dis charges, microflow increased again until a new si lent phase began. When the period of rhythmic epi leptic discharges and intermediate silent phases ceased, microflow continuously decreased within a few minutes to a new steady-state level that lasted until the end of the experiment. In those experiments in which the power of the ECoG was below the initial level of the control pe riod of 100%, microflow was below the control level in the new steady state. When the power exceeded the 100% of the control period, microflow was above the initial level. Figure 2 shows, as a typical example, an original record of changes in blood pressure, ECoG, and microflow measured simultaneously at three sites and of local tissue P02 registered at four sites after bicuculline injection. A decrease in PH2 means an increase in microflow. It can be seen clearly that microflow increased at the three measured sites as soon as the activity in the ECoG increased. During the periods of repetitive silent and nonsilent phases, microflow oscillated in parallel with the activity.
Changes in local tissue P02 (group II)
In the control period, local tissue P02 measured in the superficial layers in 10 cats ranged from 1 to 70 mm Hg (mean value 24. 5 mm Hg). Figure 3 (top) shows the P02 frequency distribution recorded be fore bicuculline injection (n = 80 measuring sites). In some cases local tissue P02 increased within 0-43 s after the injection of bicuculline. Within the same animal the increases occurred at different times at different measuring sites, in some cases after an initial transient decrease. The P02 histo gram recorded at the time of maximal power in crease is shown in the middle panel of Fig. 3 . It was shifted to higher values (mean value 46. 8 mm Hg).
During the period of repetitive silent phases and repetitive bursts shown in the ECoG, the behaviour of local tissue P02 was inhomogeneous at adjacent sites. At most measuring sites local tissue P02 in- creased within a few seconds after the silent phases had begun and decreased as soon as the discharges started again. At other sites local tissue P02 de creased during the silent phases and increased during the discharges. However, at all sites mea sured local tissue P02 was higher than in the control period. Figure 4 shows an example of the original recording at four sites of local tissue Po2, ECoG, and arterial blood pressure before and after the bi cuculline injection. It can be seen that local tissue P02 did not react uniformly. When epileptic dis charges ceased, local tissue P02 gradually de creased to a new steady state within a few minutes. The P02 distribution present after the end of dis charges is shown in the lower panel of Fig. 3 (mean value 31.1 mm Hg, n = 79 measuring sites).
Changes in extracellular H + activity (group III)
Extracellular H + activity parallel to changes in ECoG was recorded with H+ -sensitive microelec trodes in nine cats. In all experiments it increased a few seconds (10-15 s) after the onset of dis charges, in most cases without an alkaline shift. Maximal increase in H+ activity always occurred parallel to maximal functional activity as indicated by power analysis. Maximal acidotic change in pH amounted to 0.3-0.5 pH units in different experi ments. H+ activity also showed rhythmic oscilla tions during the period of repetitive silent phases and bursts. It clearly decreased during the silent phases with a short delay of 1-2 s and increased again after the onset of new bursts. Figure 5 shows a typical example of the changes in H + activity to gether with the changes in ECoG. The delay be tween the onset of seizure activity and the acidotic shift can be clearly observed. In this example no correction for DC potentials was performed. Figure  6 shows the kinetics of local pH oscillations in detail injection of Bicuculline I end of injection end!. CO 2 ["!oj I from another experiment. In this case DC was re corded by a glass capillary filled with 150 mM NaCI inserted into the cortex together with the pH needle electrode. The pH signal, corrected for DC poten tial, also showed the oscillations in parallel with the repetitive phases of seizure activity and isoelec tricity. When the seizures were finished, H+ ac tivity decreased to control levels within a few min utes.
Changes in extracellular K + activity (group IV)
Extracellular K + activity was recorded with a valinomycin surface electrode in seven cats during bicuculline-induced seizures. In all experiments K + activity immediately increased from the mean con trol level of 3.1 mM with the onset of epileptic dis charges. In parallel with the repetitive silent and nonsilent phases, oscillations in K + activity were observed. Activity decreased when the flattening of the ECoG began and increased again when the dis charges reappeared. The maximal value of K + ac tivity was � 10-12 mM. This value was not sur passed. When the seizures ceased completely, K + activity rapidly decreased to control levels or just below control values.
In three cats double-barrelled K + -sensitive mi croelectrodes were inserted in the tissue at a depth of 500-1,500 fJ.. m. We obtained the same results as with the measurements with surface electrodes. The steepness of changes in K + activity was, how ever, greater, as the microelectrodes had a quicker response time than the surface valinomycin elec trode. Figure 7 shows an original recording of K + ac tivity with a valinomycin surface electrode before and during the seizure period. In this case the initial seizure period until the onset of silent phases lasted only � 1 min. The increase in K + activity was lim- In.p , . 1 '" -- ited to -3.5 mM. The oscillations of K + activity in parallel with functional activity are evident. Figure  8 demonstrates another example of changes in K + activity and ECoG during seizures. In this case a transient spreading depression with an increase of K + to -30 mM was superimposed on the initial increase in K + activity.
Microflow during seizures after blockade of p-adrenergic and cholinergic receptors (group V)
In 10 cats the kinetics of microflow during sei zures after blockade of the �-adrenergic receptors with propranolol and of cholinergic receptors with atropine were investigated. The behaviour of the mi croflow during bicuculline-induced seizures did not
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change. Microflow increased after the first changes in the ECoG appeared, and it also oscillated in par allel with the functional activity. When the seizures ceased, microflow decreased again.
Changes in microflow after phentolamine application (group VI)
In a group of four cats phentolamine was admin istered before seizures were induced. The a-re ceptor blocking substance distinctly delayed and slightly diminished the increase in arterial blood pressure as described by Kuschinsky and Wahl (1979) . Although blood flow was not quantitatively determined, it is probable that the initial flow in crease was smaller after a-blockade in comparison with results in experiments without a-blockade. However, the pattern of microflow during seizures was the same as in those without blockade, as dem onstrated by the original registrations in Figs. 9 and 10.
DISCUSSION
Methodological problems
Measurement of microflow. With the aid of local hydrogen clearance, it is possible to investigate flow changes in the microcirculatory range with appro priate construction of the measuring element. Changes in microflow can be simultaneously re corded at several measuring sites. In the present experiments we used only surface elements. It is very important that the measuring wires (which must have a stable polarization layer for measure ments of PH 2 ) are not influenced by the H 2 -pro ducing current. This can be avoided by taking into account a special geometry of the whole element and a very small generating current. We used ele ments in which the measuring wires were at least 150-200 f.Lm from the generating wire. With this geometry the applied generating current was �0. 04-0.1 f.LA for continuous generation. Under these conditions disturbance of the generating system on the signal of the measuring electrode is avoided. If the generating current is higher or the distances between H 2 -producing and PH 2 -mea suring electrodes smaller, additional electrical dis turbances superimpose on the PH 2 -measuring signal. Under these conditions, no reliable mea surements of PH 2 or the corresponding changes in microflow can be obtained.
In the experiments reported here, we used the continuous generation of hydrogen and the contin uous measurement of PH 2 to obtain information about the time course of changes in microflow. Thus, we are able to give only qualitative state- ments about whether microflow increased or de creased more or less as compared with preceding states in the individual animal. Although theories for the quantitative evaluation of microflow exist (Wodick, 1973; Stosseck et aI., 1974) , some meth odological practical problems arise that have to be considered if a quantification is performed. For our measurements quantitative data are not available. However, we can measure the dynamic and tem poral course of microflow very exactly and com pare the temporal relationship to the time course of other parameters like PH2, H + and K + activities, and ECoG changes, which we can measure contin uously and quantitatively.
P0 2 measurements. Measurements with P02 mul tiwire surface electrodes enabled us to record local tissue P02 simultaneously at different sites in the superficial layers of the brain cortex without dam aging the tissue. Furthermore, these electrodes have the advantage that the cathodes and the common reference electrode for all cathodes are covered by a gas-permeable membrane (Clark prin ciple) that isolates the electrical circuit and the elec trochemical processes occurring at the cathode and anode from the measuring probe. Thus, DC changes in the tissue cannot change the calibration curves. In general, the drift of the electrodes was <5%/h. Nevertheless, a correction of this small drift was introduced for our measurements. Thus, P02 values can be measured very exactly.
Measurements of ion activities. In our measure ments of extracellular K + activity with double-bar eled liquid ion exchanger microelectrodes, a cor rection of the K + signal for DC changes was per· formed. In generalized seizures the DC changed in the negative direction up to maximally 6 m V. In most of the surface measurements with the valino mycin electrode, no correction for the DC poten-2 t[minl tials was performed. Therefore, the real changes in K + voltage should be augmented by the changes in DC potentials. The problems of measuring absolute pH values with H + -sensitive glass microelectrodes have been discussed very extensively in a previous article, when we made some efforts to exclude possible ar tifacts (Urbanics et aI., 1978) . As the glass elec trodes after construction were kept in distilled water for �3-4 months, an optimal rapid 90% re sponse time of � 1 s or less was obtained at that time.
Analysis of results
Coup ling of microfiow and fu nctional activity . Our microflow measurements confirm the results obtained with regional flow measurements that flow increases during seizures. This increase in flow in the microcirculatory range is uniform; that is, no redistribution in flow occurs. The changes in flow are tightly coupled to the functional activity of the surrounding nerve cells, as demonstrated by re cording the temporal course of functional activity and microflow. During generalized seizures, micro flow increased on all sites when the first changes in the ECoG were observed. Maximum hyperemia oc curred in parallel with maximum electrical activity, as demonstrated by power analysis.
During the period of oscillating functional activity with repetitive short silent phases, the parallel be haviour of microflow was clearly demonstrated. In addition to the parallelism of electrical function and microflow, at first view the measurements of blood pressure and microflow seem to demonstrate a clear parallel between the increase in blood pressure and microflow. As the increase in blood pressure was so strong that the upper threshold of flow autoreg ulation was clearly surpassed, the increase in mi- pH2 IkPal ITorrl o croflow could theoretically be attributed largely to the passive effect of increased blood pressure. However, a detailed temporal analysis of the changes showed that the maximal increase in blood pressure occurred earlier than the maximal micro flow and that blood pressure had already decreased again when the peak microflow value was reached. Furthermore, the increase in microflow also oc curred in parallel with the first changes in the ECoG in those cases in which the arterial blood pressure increase was delayed and diminished by ex blockade. In two of the four ex-blockade experi ments, we could not see a clear change of blood pressure during the period of repetitive silent and non silent phases. Nevertheless, we observed a strict parallelism between the functional electrical activity and the microflow in this period, in such a way that microflow increased during the non silent phase and decreased during the silent phases. Nev ertheless, although a tight coupling of functional ac tivity and microflow was demonstrated in our ex perimental studies, we assume that the increase in microflow during seizures without blockade is due partly to the increase in blood pressure. However, this factor can be only an additional mechanism and may interfere with other mechanisms for the flow increase, as microflow also increases in parallel with changes in electrical activity in those experi ments with delayed increase in blood pressure. Al though we cannot give quantitative data for the ex tent of maximal flow increase, we assume that the initial increase in microflow may be smaller in sei zures with ex-blockade. The coupling of functional activity and microflow occurs very rapidly and effectively. Therefore, the question arises of which mechanisms are respon sible for the tight coupling of microflow to function during seizures. In the following the different fac tors that could be involved in the coupling will be discussed.
Oxygen-independent increase in microflow. Our P0 2 measurements during bicuculline-induced sei zures showed that usually tissue P0 2 increased with the increase in microflow and the onset of changes in the ECoG. However, in a few cases when blood pressure decreased initially, an inhomogeneous be haviour of tissue P0 2 was observed. This transient behaviour was also found when arterial blood pres sure was changed under normal conditions without seizures (unpublished observations) . An inhomo geneous behaviour of local tissue P0 2 was also ob served during the period of repetitive silent and nonsilent phases with changes in arterial blood pressure. Whereas at some measuring sites local tissue P0 2 increased during the silent phases and decreased after the onset of bursts, the converse effect occurred simultaneously at other measuring sites. This behaviour seen during the period of bursts and ECoG flattening possibly accounts for the controversial results reported in the literature on local tissue P0 2 during seizures, as stated earlier.
It can only be detected by simultaneously mea suring local tissue P0 2 at several sites. However, even when tissue P0 2 decreased with the onset of new bursts, it was higher than the control level be fore the onset of seizures. Obviously, the increase in microflow was strong enough to compensate for the three-to fivefold in-crease in oxygen consumption during seizures as reported in the literature (Meldrum and Nilsson, 1976) and to account for the increase in local tissue Po2• We have found similar results during local elec trical stimulation when tissue P02 in the brain cortex increased with the onset of activation to gether with the increase in microflow (Leniger-Fol lert and Liibbers, 1976) . No change in arterial pres sure occurred under this condition. As a linear re lationship between increasing flow and increase in the rate of glucose consumption is reported [see Sokoloff (1978 Sokoloff ( , 1981 ] , the increase in local tissue P02 found in our experiments suggests that the ox ygen transport capacity of the capillary blood is dis proportionately increased during strong activation. This interpretation is in agreement with the findings of Gaethgens (1981) , Gaethgens et al. (1979) , and Kanzow et al. (1982) , who reported that local cap illary hematocrit is higher when the blood flow is increased and that, therefore, the oxygen transport capacity in the tissue increases disproportionately and the oxygen supply of the tissue is improved.
In each case we can conclude from our results that neither local anoxia nor hypoxia occurred and cannot, therefore, be the mechanisms responsible for increases in blood flow. Thus, the findings of J6bsis et al. (1971; 1975) and Plum and Duffy (1975) are confirmed, and the functional hyperemia in the brain must be produced by other factors. In this context it should be remembered that microflow in the brain also increased during severe hypogly cemia when the tissue P0 2 values distinctly in creased in comparison with the control values, as reported by Krolicki and Leniger-Follert (1980) . In that situation ECoG activity was distinctly dimin ished in comparison with the control situation be fore insulin application and during early hypogly cemia. Blockade of the !3-adrenergic receptors with propranolol did not inhibit this P02 increase (Len iger-Follert and Krolicki, 1980) . We also showed that lack of oxygen was not the primary trigger for the increase in flow during another situation. When tissue P0 2 values were artificially elevated above the normal values, they were still very high at the end of a 10-to 15-s period of ischemia. This short ischemia produced a reactive postischemic hyper emia (Leniger-Follert and Liibbers, 1979) . From all these experimental results, we found no evidence for the hypothesis that oxygen or oxygen sensors in the brain tissue control cerebral blood flow under the above-cited conditions. For the brain tissue we consider the actual distribution of oxygen partial pressures during different states to be the result of the balance of oxygen delivery processes by the microcirculation and diffusion conditions, on one side, and the oxygen-consuming processes in the cells, on the other. Thus, the increase in microflow found during different experimental situations is in dependent of oxygen.
Extracellular K+ activity as a main coupling fa ctor. The continuous measurements of extracel lular K + activity and of microflow in relation to exchanges in ECoG demonstrated that both param eters show the same temporal relationship to func tional activity. They both rapidly increase after the first changes in seizure activity are observed and oscillate in parallel with the functional activity during the period of repetitive silent and non silent phases. When the seizures disappear completely, K + activity and microflow decrease again. The in crease in K + was in the vasodilatory range and nor mally did not exceed 10-12 mM in the different experiments. In only one case we observed, after the initial increase of K +, a subsequent spreading depression with a transient increase in K + to � 30 mM. From this tight temporal relationship between K + and microflow during seizures and from the re sults of neurophysiological studies during different types of activation, we conclude that K + could be a main coupling factor between functional activity and flow. It also shows the same temporal behav iour as microflow during specific sensory activation (Leninger-Follert, unpublished results). However, the increase is much smaller as compared with the increase during seizures or during electrical stimu lation. The increase in microflow under physiolog ical conditions, however, is also very small.
The arguments against K + as a coupling factor during enhanced activity advanced by Astrup et al. (1978) are not convincing. These authors argued that the lack of increase in cortical K + activity after amphetamine administration in rats speaks against K + as a main factor. Recently we were able to show (Leniger-Follert, 1983 ) that microflow increased in the brain cortex of the cat after intravenous am phetamine infusion only in those animals in which the blood pressure strongly increased. Power anal ysis of the ECoG showed that no real activation of the cortex occurred. Owing to the lack of functional cortical activation, extracellular K + activity did not change. Thus, the lack of increase in cortical K + activity after amphetamine application is no evi dence against the assumption that K + activity is an important factor in the coupling of neuronal activity and cortical blood flow during activation. Changes in arterial blood pressure per se without activation do not change the extracellular K + and H+ activi ties as measured in our unpublished studies insofar as arterial blood pressure does not fall under a crit ical level where ischemia develops. Wahl and Ku-schinsky (1979) also reported that extracellular K + activity does not change when blood pressure changes.
Although we think that there is no doubt about the involvement of K + activity in the flow increase during activation, we are aware that until now data of a quantitative relationship between an increase in K + activity and an increase in flow are missing in those situations. These should be accumulated in each case.
Extracellular H+ activity contributing to hyp er emia during the later course of seizures. During bi cuculline-induced seizures we found, as did Heuser (1978) , that a distinct acidosis developed with a delay of a few seconds, i.e., 10 s after the onset of seizures, in most cases without an alkaline shift. The stronger the power of the ECoG during sei zures, the more marked was the acidotic increase. During the period of repetitive silent and nonsilent phases, H+ activity also oscillated with functional activity, with a delay of 1-2 s or more. From these results we conclude that H + activity enhances the K + -induced vasodilatation during seizures. The onset of flow increase is evidently not triggered by H+ activity, as it always increases some seconds after flow has begun to rise. These results during seizures confirm the earlier results of H + measure ments during direct electrical stimulation when tissue acidosis developed after a delay of a few sec onds from the onset of microflow increase.
The H + ions are generated by the nerve cells during the increased aerobic and anaerobic metab olism resulting from increased functional activity during seizures and direct electrical stimulation. Thus, more CO 2 is produced in parallel with the increased oxygen consumption. The increased CO 2 production is also indicated by the increased arte rial Pco 2 and the increased end-tidal CO 2 content some time after the onset of seizures. Furthermore, glycolysis is enhanced, with increased production of lactate, as evidenced from biochemical analysis during seizures and during direct electrical stimu lation, although oxygen is not deficient. The gen erated H + cannot be completely buffered by intra cellular buffer systems. Thus, extracellular H+ ac tivity also increases with a delay of some seconds and, therefore, could contribute to the flow regu lation in the later phase under these extreme con ditions of cell activation. Kuschinsky (1982) has drawn a similar conclusion in his review of the lit erature. Under physiological activation, however, such as specific sensory activation, extracellular H + activity did not change in the activated area (Leniger-Follert and Danz, 1981) . Thus, we can state that it cannot contribute under these condi-J Cereb Blood Flow Metabol, Vol. 4, No. 2, 1984 tions to the flow regulation at all. It has to be con sidered that the activation of the cells is a very mod erate one. We assume also that under other condi tions of physiological activation with an increase in flow, extracellular H+ activity will not change, for example, during photo stimulation or auditory acti vation of the corresponding brain regions. How ever, this assumption has tO ,be confirmed by direct measurements. We may assume that under these conditions the amount of H + generated within the cells by metabolism is so small that it can be buff ered by the intracellular stores. Furthermore, it is likely that initially no additional lactate is produced and that H + ions are due only to the increased CO 2 production, which should be very small.
It is known from many investigations that during other pathophysiological conditions, such as anoxia and ischemia of the brain, extracellular H + activity increases. The abundant literature cannot be re viewed here. We could show that this increase oc curs already a few seconds after the onset of a short-lasting ischemia. Astrup et al. (1978) reported that during arterial anoxia, cerebral blood flow in creased earlier than the increase in extracellular H + activity occurred. Detailed analysis of our data, however, shows that extracellular H + activity changes in the acidotic direction at different times at different measuring sites. This is in accordance with our findings that microflow does not behave homogeneously at different sites during arterial an oxia. Furthermore, H+ activity slightly changes in the acidotic direction during severe hypoglycemia. Therefore, we may state that H+ ions are involved in the regulation of cerebral blood flow not only under extreme unphysiological activation but also in other pathophysiological situations.
Thus, it has been established that the hypothesis that pH is the unique regulator of cerebral blood flow (Skinhoj, 1966; Lassen, 1968) is not valid in its strict form. However, in our view H + activity plays an important role for the regulation of flow during different pathophysiological situations in the brain, but not during physiological activation, as the ex tracellular pH does not change at all during physi ological activation, whereas microflow distinctly in creases.
In volvement of extracellular Ca2 + activity in flow regulation during activation. It has still to be in vestigated in a systematic fashion how much changes in extracellular Ca 2 + activity are important for changes in flow. Heuser (1978) reported a small but transitory decrease of extracellular Ca 2 + ac tivity in the brain cortex at the onset of bicuculline seizures. At the onset of direct electrical stimula tion, he also found an initial decrease of Ca 2 + ac-tivity together with an increase in K + activity. During physiological activation of the somatomotor cortex of the cat by repetitive stimulation of the contralateral forepaw, a decrease in extracellular Ca 2 + activity together with an increase in K + ac tivity were reported by Heinemann et al. (1977) . Stockle and Te n Bruggencate (1978) reported that climbing fiber-related activation of Purkinje cells in the cerebellar cortex of cats showed slow rhythmic variations owing to corresponding changes in oli vary transmission. These slow rhythms were mir rored by changes in ion activities with decreased extracellular Ca 2 + and increased extracellular K + activities. As perfusion experiments with artificial liquor have shown that a decrease in Ca 2 + activity causes dilatation of pial arteries and that Ca 2 + ions interact with other monovalent cations [for review see Betz (1976) ] , we can assume that the rapid changes in Ca 2 + activity may contribute to the flow regulation in such a way that the decrease in Ca2 + together with the increase in K + activity provide the initial trigger signals for the flow increase im mediately after the onset of physiological and un physiological activation. From the results of Hei nemann et al. (1977) and Stockle and Te n Bruggen cate (1978) , it may be concluded that decreased Ca 2 + activity also contributes to hyperemia as long as physiological activation lasts. To determine def initely whether Ca 2 + plays a role in further flow increase during physiological activation, it is nec essary to perform simultaneous continuous mea surements of Ca 2 + activity and flow.
Possible role of adenosine during seizures. Aden osine is a possible candidate for flow regulation during activation [for reviews see Rubio et al. (1978) and Winn et al. (1981) ] . Although it was clearly shown by Winn et al. (1979) and Schrader et al. (1980) that adenosine rapidly increases in the brain tissue during seizures, we do not think that aden osine has a great importance for cerebral blood flow regulation under extreme activation of the tissue. As demonstrated in this article, K + activity and subsequently H + activity increase during seizures to such high values that the vasodilatory effect of adenosine, according to Wahl and Kuschinsky (1977) , is practically abolished. The question, how ever, of whether adenosine plays a role during mod erate physiological activations remains open. During that type of activation, the increase in K + activity is small (�0.3-1 mM), and it does not reach concentrations that diminish the vasodilatory effect of adenosine to any marked degree.
Neurogenic influence on blood flow during sei zures. The neurogenic influence of the different au tonomic nerve fibers on the blood vessels during activation is a much discussed problem [for review see Kuschinsky and Wahl (1978) and Kuschinsky (1982) ] . We could not find any change in the pattern of functional hyperemia during generalized seizures after a-and l3-adrenergic and cholinergic receptors were blocked by corresponding blocking sub stances. There are, however, still other nerve fibers containing other transmitter substances, as found in recent years, which were not blocked in this study.
